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ToposequenceUnderstanding the spatial and temporal variations in toposequential methane (CH4) emission is essential for
assessing and mitigating CH4 emission from rice cascades in mountainous watersheds. To assess the
toposequential variation in CH4 emission among different ﬁeld positions, two cascades of double-cropping
paddy rice ﬁelds were investigated in Yen Chau district, Northwest Vietnam. The cascades were divided
into fertilized and non-fertilized parts and CH4 measurements at 10 days intervals were conducted at top,
middle and bottom ﬁelds of each part. The results showed that the rate and cumulative amount of CH4 emis-
sions in non-fertilized part were higher than that of fertilized one in both spring and summer rice seasons
due to the stimulation of CH4 oxidation by urea and sulfate containing fertilizers. The spatial variation in
CH4 emissions among the ﬁeld positions was high in both cropping seasons with the highest emissions in
the bottom ﬁelds and the lowest emissions were found in the top ﬁelds (i.e. bottom ﬁeld CH4 emissions
1.8–3.0 times higher than the top ﬁeld). The differences among ﬁeld positions were inﬂuenced by clay con-
tent, total nitrogen and total carbon content which showed toposequential differences. The average CH4
ﬂuxes ranged from 1.0 to 5.1 mg CH4 m−2 h−1 being largest at later growth stages for spring rice and during
early growth stages for summer rice. Cumulative CH4 emissions for spring rice ranged from 3.1 to
13.7 g CH4 m
−2 and that for summer rice from 4.3 to 23.5 g CH4 m
−2. 61.7% was emitted during summer
rice season and 38.1% from spring rice season. The higher values for summer crops were due to higher avail-
ability of fresh organic substrates under higher soil temperature during the early growing period. The average
total CH4 emissions from double-cropping paddy rice ﬁelds were 14.8 g CH4 m
−2 for cascade 1 and
27.3 g CH4 m−2 for cascade 2. The higher emission for cascade 2 might be due to the lower soil Eh and higher
clay content especially in the lower lying ﬁelds. The results highlight that large toposequence differences in
CH4 emissions require different site speciﬁc management practices for each toposequence position in order
to mitigate CH4 emission in paddies in mountainous watersheds.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.1. Introduction
In Northern Vietnam, 0.7 million ha is under paddy rice cultiva-
tion, of these 60% are located in hilly areas on terrace forming
interconnected cascades. Within cascades, the lower positioned ﬁelds
are inﬂuenced by upper positioned ﬁeld including sediment deposits
from uplands (General Statistics Ofﬁce of Vietnam, 2008). The down-
ward movement and deposition of sediments derived from erosion of
intensively cultivated upland ﬁelds play a key role for lowland riceture and Technology, Graduate
mental andAgricultural Science,
81 42 367 5952.
th-Kimura).
.V. Open access under CC BY license.production. Soil fertility parameters, such as soil organic carbon
(SOC) content, and related rice yield tend to increase with descending
position of paddies in the landscape (Schmitter et al., 2010; Tsubo et
al., 2006). The study by Schmitter et al. (2011) demonstrated that
spatial variation of rice production within cascades could be linked
to sediment induced soil fertility and textural changes in the topsoil.
Furthermore, the yearly amount of organic C entering paddies with
the irrigation water was estimated at 0.8 Mg ha−1 as well as
0.7 Mg N ha−1 (Schmitter et al., 2012) which might foster elevated
greenhouse gas emissions.
Even though spatial differences in soil fertility and texture have been
shown to occur within rice cascades, there is still limited information
about the carbon (C) and nitrogen (N) cycle in the rice ﬁeld cascade.
For example, paddy rice ﬁelds account for up to 12% of total anthropo-
genic methane (CH4) emission (IPCC, 2007). Field experiments have
shown that there are large variabilities in CH4 emissions from rice ﬁelds,
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with seasonal and diurnal variations (Holzapfel-Pschorn and Seiler,
1986; Sass et al., 1991; Schütz et al., 1989). However, to date more
focus has been paid on the temporal variability, while there is very lim-
ited information about the spatial variation according to toposequential
differences of paddy rice ﬁelds along cascades in mountainous water-
sheds. Most studies reported on large-scale spatial variation comparing
sites which are far away from each other and with very different soil
properties, climate and environmental conditions (Kimura et al., 1991;
Yang and Chang, 2001). On the other hand, Sass et al. (2002) reported
within ﬁeld spatial variation in CH4 emissions from rice ﬁelds. In partic-
ular, recent land use intensiﬁcation in upland areas, construction of res-
ervoirs and increased irrigation andmanagement of paddies have led to
enhance sediment delivery and hence exacerbated spatial heterogene-
ity in rice cascades in mountainous areas (Schmitter et al., 2010). How-
ever, the variations in CH4 emission among different ﬁeld positions in
the cascade have not been investigated thoroughly yet. More research
is necessary to understand the temporal and spatial variations among
the different ﬁeld positions of paddy rice cascades to be able to estimate
regional CH4 budget and identify effective mitigation measures.
It iswell known that CH4 emission is a net product of production and
oxidation, both are affected by N and other nutrients directly or indi-
rectly (Schimel, 2000). For example, several ﬁeld scale studies have
demonstrated that addition of N fertilizers increased CH4 emissions in
the rice soils probably due to stimulation of methanogens by greater
production of crop biomass by N fertilizers than control (Banik et al.,
1996; Shang et al., 2011). In contrast, others have reported inhibition
of CH4 emissions with addition of ammonia-based non-sulfate fertilizer
(Dong et al., 2011) and ammonium sulfate fertilizers (Cai et al., 1997) to
the rice soils. Till to date, no single consensus exists on net impact of N
fertilizers on CH4 emissions in the rice soils (Cai et al., 1997; Dong et al.,
2011). In order to assess the net effect of ammonium based and sulfate
containing fertilizers on CH4 emission from paddy rice ecosystem, we
used the recommended types of fertilizers by local extension services
for rice productionwhich commonly include urea and sulfur containing
potassium sources. The study by Schmitter et al. (2011) showed that on
average, the fertilized ﬁelds yielded continuously more than the ﬁelds
without fertilizer in Chieng Khoi area. It is necessary to know the sedi-
ment induced toposequential variation in CH4 emissions and the inﬂu-
ence of mineral fertilizers on plant growth related CH4 emission from
the rice ﬁelds. Therefore, this experiment was conducted to evaluate
(i) the spatio-temporal variation in CH4 emission related to ﬁeld posi-
tions among the paddy rice ﬁeld cascades and (ii) the inﬂuence of min-
eral fertilizer on CH4 emission among the ﬁeld positions of paddy rice
cascade from double-cropping paddy rice in Chieng Khoi Commune,
Yen Chau district, Northwest Vietnam.
2. Materials and methods
2.1. Study site and experimental design
The ﬁeld experiments were carried out from February until
November, 2011, during two rice cropping seasons in the Chieng
Khoi commune (350 masl, 21° 7′60″N, 105°40′0″E), Yen Chau dis-
trict, Northwest Vietnam. The studied area is located in the tropicalmon-
soon belt with cool and dry winter and spring with 201 mm rainfall
(monitored during November, 2010–April, 2011) and very hot and
rainy summer and autumn with 858 mm rainfall (May–October, 2011)
amounting to an annual precipitation of 1059 mm in 2011.
Two rice cascades (cascades 1 and 2) were selected for this experi-
ment (Fig. 1). The length and altitude differences were 83 m and 7 m
for cascade 1 and 87 mand5 m for cascade 2, respectively. Both cascades
contained 5–6 successive paddy ﬁelds, covering a total of 0.8 ha. The up-
permost ﬁeld of the cascades received water directly from the irrigation
channel. All otherﬁelds receivedwater froma single inlet from the above
lying ﬁeld and drained via a single outlet to the lower situated ﬁeld.The experiment was laid out in a split plot design with three rep-
lications at each site. All ﬁelds in both cascades were divided into two
parts resulting in two strips per cascade. Two sets of factors included
in this experiment were as follows: different toposequence positions
as the main plot and with (+F) and without (−F) fertilizer applica-
tion as the subplot. The investigated cascades had 5–6 ﬁelds and
among them the ﬁelds at the top, middle and bottom positions
were chosen as shown in Fig. 1. The applied chemical fertilizers
were 213 kg N ha−1, 150 kg P ha−1 and 93 kg K ha−1 per rice sea-
son with split applications according to the local recommendations
by extension service. The ﬁrst dressing, at transplanting, contained
56% N, 100% P and 34% K of the total amount of fertilizer applied in
the form of NPK and urea. Second and third dressings contained
22% N and 33% K of the total amount of fertilizer in the form of urea
and Kali (K2SO4–40% K2O) which were applied at active tillering
and at heading stage.
Soil type was Gleysols (silty loam in the different horizons)
(UNESCO, 1974). Soil particle analysis was done by pipette method
(Gee and Bauder, 1986). Total N (TN) and total C (TC) contents
were analyzed by using a NC analyzer (Sumigraph NC-80; Sumika
Chemical Analysis Service Co., Japan). The soil pH was measured in
the supernatant suspension of a 1:2.5 soil:water mixture using a por-
table pH meter equipped with a combined electrode (glass:Ag/AgCl,
Horiba, Japan). Electrical conductivity of the soil water was measured
in the supernatant suspension of a 1:5 soil:water mixture using EC
meter (OM-51, Horiba, Japan). Table 1 showed basic soil properties
among the different toposequence positions of the experimental site
before transplanting of spring rice, 2011. In both cascades, sand was
the dominant texture in the top ﬁelds with lower TN and TC content.
Middle and bottom ﬁelds showed higher silt content with higher TN
and TC contents when compared to the top ﬁelds. There was no sta-
tistical difference in clay content in cascade 1 between top and bot-
tom ﬁelds, but signiﬁcantly higher clay content was found in the
middle and bottom ﬁelds of cascade 2 than in the top ﬁeld. Soil pH
ranged from 8.0 to 8.4 in both rice cascades. A higher electrical con-
ductivity (EC) value was found in the top ﬁeld than in the others in
both rice cascades.
The sticky rice variety (Oryza sativa L. var. Nep 87) was used in
both cropping seasons for both cascades. 18 days old seedlings
were transplanted into the well-puddled ﬁelds. Rice seedlings were
transplanted on February 28 and harvested on June 30, 2011 for the
spring rice and the corresponding dates for the summer rice were July
28 and November 7, 2011, respectively. Before transplanting the spring
rice, all crop residues left from the previous summer rice were incorpo-
rated into the soil. After harvesting the spring rice, all fresh crop residue
leftovers were incorporated into the soil by plowing and harrowing. All
management practices were following the farmer practices in both
cropping seasons. For spring rice, the ﬁeld was ﬂooded 15 days before
puddling on February 7, 2011. The puddlingwas conductedwith buffalo
and basal fertilizers weremixed at that time. After transplanting, irriga-
tion water was kept at 3–7 cm depth and the ﬁeld was continuously
ﬂooded till 14 days before harvest on June 16, 2011. For summer rice,
the ﬁeld was ﬂooded 21 days before puddling on July 7, 2011. The pud-
dling was also conducted with buffalo and basal fertilizers were mixed
at that time. After transplanting, irrigation water was kept at 3–7 cm
depth and the ﬁeldwas continuously ﬂooded till 14 days before harvest
on October 25, 2011. Previous to this experiment, all ﬁelds were used
similarly for continuous double-cropping paddy rice for several years.
2.2. Sample collection, soil parameters, and CH4 analysis
Methane ﬂuxes were measured in triplicate at 10 day intervals
from 7 days after transplanting (DAT) until harvest throughout the
spring and summer rice growing seasons, using the closed chamber
method (Lu et al., 1999). The air inside the chamber was mixed by a
fan at the top of the chamber. Gas samples were drawn from the
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Fig. 1. Schematic representation of two complete rice cascades (Cascade 1 and 2) for spring and summer rice (Area-m2).
43A.Z. Oo et al. / Geoderma 209-210 (2013) 41–49chambers through a three-way stop cock using an airtight syringe of
50 ml volume at 0, 15 and 30 min after closure. The air inside the
chamber was thoroughly mixed by ﬂushing the syringe three times
before collection of the gas samples. The sample gasses were then
transferred to 10 ml vacuum glass vials with rubber stoppers and
kept cool and dark till analysis. The temperature inside the chamber
was recorded at the time of sampling by using a micro-temperature
thermometer (PC-9125, AS ONE Co., Tokyo, Japan). Methane concen-
trations in the collected gas samples were analyzed by using a gas
chromatograph equipped with a ﬂame ionization detector (GC-8A,
Shimadzu Corporation, Kyoto, Japan). The detector and column
were operated at 180 ° and 80 °C, respectively. Methane ﬂuxes
were calculated from the slope in CH4 concentration vs time regres-
sion when their linear correlation coefﬁcient was signiﬁcant at 0.05
level.
The pH of the surface water was measured using a portable pH
meter (D-51T, Horiba, Japan) equipped with combined electrode
(glass:Ag/AgCl). The redox potential was recorded using a battery-
operated Eh meter (D-51T, Horiba, Japan) by inserting the electrode
into the soil under investigation to a root zonedepth of 5 cmthroughout
the growing season. Soil temperature at a depth of 10 cmwas recorded
at the time of gas sampling. Grain yieldwas determined from1 m2 sam-
pling area at harvest and was expressed as rough (unhulled) rice at 14%
moisture content. Above ground straw yield was determined after dry-
ing the plant materials at 80 °C for two days.Table 1
Physico-chemical properties of the experimental soils at different ﬁeld positions of cascade
Field position Sand
(%)
Silt
(%)
Clay
(%)
Cascade 1 Top 54.0 ± 1.7 31.6 ± 1.6 14.4 ±
Middle 23.3 ± 1.1 51.9 ± 2.3 24.8 ±
Bottom 31.9 ± 2.8 49.7 ± 0.5 18.5 ±
LSD(0.05) 8.5 8.4 4.6
Cascade 2 Top 58.9 ± 2.4 34.1 ± 0.2 7.0 ±
Middle 25.5 ± 1.6 43.4 ± 0.6 31.2 ±
Bottom 40.3 ± 3.4 37.3 ± 1.7 22.4 ±
LSD(0.05) 12.5 4.1 8.62.3. Statistical analysis of data
The experimental data were analyzed by the analysis of variance
(ANOVA) using CROPSTAT 7.0 statistical software program. The treat-
ment mean comparison was tested at 5% level of probability using the
least signiﬁcant difference (LSD) test by Fischer. Spearman correlation
analysiswas done by using Sigma plot 11.0 statistical software program.
3. Results
3.1. Time course of soil environmental factors and crop yields
The soil temperature was lowest during the early growing period
(min. 16.6 °C) and increased gradually during the middle and late
growing periods of spring rice (up to 28.9 °C; Figs. 2c and 3c). During
spring rice period, therewere signiﬁcant differences in soil temperature
among the ﬁeld positions at all sampling times in cascade 1 and all
times except 63 DAT in cascade 2. The bottom ﬁelds had higher soil
temperature especially between 33 DAT and 103 DAT in both cascades.
For summer rice, soil temperature was higher during early and middle
growing periods decreasing by the end of the growing period in both
cascades to about 23.8 °C (Figs. 2d and 3d). There were signiﬁcant
(P b 0.05) differences among the ﬁeld positions at all sampling times
except 57 DAT in cascade 1 and 67 DAT in cascade 2. There was no sig-
niﬁcant difference in soil temperature between the cascades in both rices 1 and 2 before transplanting of spring rice, 2011 (mean ± S.D.).
TN
(g kg−1)
TC
(g kg−1)
pH EC
(mSm−1)
0.1 0.17 ± 0.08 3.2 ± 0.4 8.1 ± 0.02 24.2 ± 3.5
1.1 0.32 ± 0.12 4.4 ± 0.1 8.0 ± 0.06 25.3 ± 4.9
2.3 0.29 ± 0.06 4.8 ± 1.2 8.3 ± 0.09 21.7 ± 6.6
0.05 1.0 0.1 3.5
2.2 0.18 ± 0.01 2.5 ± 0.1 8.0 ± 0.03 25.3 ± 3.9
0.9 0.29 ± 0.04 5.6 ± 1.4 8.2 ± 0.11 23.4 ± 2.4
1.6 0.26 ± 0.07 5.3 ± 0.6 8.4 ± 0.15 17.6 ± 4.0
0.04 0.8 0.1 3.7
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Fig. 2. Seasonal changes in (a) and (b) CH4 ﬂux, (c) and (d) soil temperature, (e) and (f) redox potential (mV), and (g) and (h) surface water pH among the ﬁeld positions in cascade
1 during the spring and summer growing periods in 2011. Error bars indicate standard deviation.
44 A.Z. Oo et al. / Geoderma 209-210 (2013) 41–49cropping seasons. Soil Eh values were mostly lower than −150 mV
throughout the growing seasons except at harvest time of spring rice
in cascade 1, summer rice in cascade 2 and later growing period in sum-
mer rice of cascade 1 (Figs. 2e, f and 3e, f). During both cropping sea-
sons, bottom ﬁelds in both cascades showed mostly lower average soil
Eh values than top ﬁeld positions. Surface water pH ranged between
7.4 and 8.4 in this study (Figs. 2g, h and 3g, h). There were nomajor sig-
niﬁcant differences among the ﬁeld positions in average surface water
pH throughout the growing seasons in both rice cascades.
The highest rice straw and grain yields were found in the middle
ﬁeld positions followed by the bottom one, while the lowest yields
were found in the top ﬁelds in both cropping seasons (Table 2).
Straw and grain yields were signiﬁcantly higher in fertilized ﬁelds
than in non-fertilized parts in both cropping seasons and cascades.
3.2. Seasonal variation in CH4 ﬂux
Seasonal changes of CH4 ﬂuxes throughout the growing seasons
differed among the ﬁeld positions (Figs. 2a, b and 3a, b). Seasonal var-
iation of CH4 ﬂuxes generally showed one peak in each rice growing
season. For spring rice, CH4 ﬂuxes increased during middle and late
growing stages (53–93 DAT in cascade 1 and 53–103 DAT in cascade
2) decreasing thereafter to the end of the growing period (Figs. 2aand 3a). The peaks of CH4 ﬂux inmiddle and bottom ﬁeldswere higher
than those of top ﬁeld positions in both rice cascades especially during
53–93 DAT. In summer rice, considerable temporal variation was ob-
served among ﬁeld positions (Figs. 2b and 3b). Here, the peak of CH4
ﬂux appeared after rice transplanting (7–27 DAT) and then gradually
decreased to the end of the growing period for both cascades. The bot-
tom ﬁelds showed the highest CH4 emission peaks while the lowest
was observed at the top ﬁelds. The maximum emission rates of top,
middle and bottom ﬁelds in the average of the two cascades were
5.4, 8.7 and 11.3 mg CH4 m−2 h−1 in spring rice and 8.1, 12.1 and
21.4 mg CH4 m−2 h−1 in summer rice, respectively.
In cascade 1, there was high temporal variation of CH4 ﬂuxes rang-
ing from 0.22 to 6.11 mg CH4 m−2 h−1 during the spring rice and
from 0.13 to 20.1 mg CH4 m−2 h−1 during the summer rice season.
Higher averages of CH4 ﬂuxes were observed in cascade 2 ranging
from 0.07 to 16.1 mg CH4 m−2 h−1 during the spring rice and from
0.24 to 22.6 mg CH4 m−2 h−1 during the summer rice season.
3.3. Cumulative CH4 ﬂux
The cumulative amounts of CH4 emissions in the spring rice of top,
middle and bottom ﬁelds were 3.1, 7.1 and 8.0 g CH4 m−2 for cascade
1 and 4.8, 9.8 and 13.7 g CH4 m−2 for cascade 2, respectively (Table 3).
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(P b 0.01) higher than those of the top ﬁelds in both cascades for
spring rice. In the summer rice, the highest average CH4 emission
rate of the two rice cascades was observed in the bottom ﬁelds
(8.5 mg CH4 m−2 h−1) and the lowest average rate was found in
the top ﬁeld (3.7 mg CH4 m−2 h−1). The cumulative CH4 emissions
among the different ﬁeld positions on average of rice cascades 1 and
2 were 8.9, 11.6 and 19.7 g CH4 m−2 for top, middle and bottom
ﬁelds, respectively. The cumulative CH4 emission of bottom ﬁeld
from summer rice was signiﬁcantly (P b 0.01) higher than that of
the top ﬁeld positions.
Spring season accounted for 38.3% and the summer season for
61.7% of the total emission from double-cropping paddy rice on aver-
age. The highest total cumulative CH4 emissions, on average of both
cascades over both cropping seasons, were observed in bottom ﬁelds
(30.8 g CH4 m−2) while the top ﬁelds had the lowest total CH4 emis-
sions (12.6 g CH4 m−2).
3.4. Inﬂuence of fertilization on CH4 ﬂuxes
Seasonal variation of CH4 ﬂuxes from fertilized (urea, NPK and
K2SO4) and non-fertilized ﬁelds showed similar trends and patternsthroughout the growing seasons (data not shown). Average CH4 ﬂuxes
over both cascades for non-fertilized and fertilized plots were 3.6 and
1.8 mg CH4 m−2 h−1 in spring rice and 6.7 and 4.1 mg CH4 m−2 h−1
in summer rice, respectively (Table 3). As a result, the average cumula-
tive CH4 emissions of both cascades were higher for the non-fertilized
plots with 11.5 and 15.7 g CH4 m−2 if compared to the fertilized plots
with 5.6 and 9.6 g CH4 m−2 in spring and summer growing seasons, re-
spectively. The cumulative CH4 ﬂux from fertilized plots was signiﬁ-
cantly lower (P b 0.05) than that from non-fertilized plots in both
cascades for summer rice and in cascade 2 for spring rice.3.5. Inﬂuence of soil environmental factors on CH4 ﬂux
Soil temperature was signiﬁcantly positively correlated with CH4
emission for both rice crop seasons (Table 4). Signiﬁcantly negative
correlations between CH4 emission and soil Eh were observed in
this experiment except for summer rice in cascade 1. Surface water
pH showed positive correlations with CH4 emission in both rice cas-
cades during the spring and summer rice seasons. The average rate
of CH4 emission was positively correlated only with straw yield of
cascade 2 and with grain yield of cascade 1 of summer rice.
Table 2
Straw and grain yield at different ﬁeld positions of cascades 1 and 2 in spring and summer rice (mean ± S.D.).
Spring crop Summer crop
Straw
(g m−2)
Grain
(g m−2)
Straw
(g m−2)
Grain
(g m−2)
Cascade 1 Treatment +F 445.1 ± 99.2 506.0 ± 90.4 476.4 ± 100.6 485.1 ± 81.9
−F 633.0 ± 100.6 639.5 ± 99.3 625.4 ± 178.9 607.1 ± 112.9
Lsd(0.05) 59.8 90.3 97.2 60.6
Position Top 490.1 ± 36.9 478.0 ± 72.9 385.5 ± 35.4 382.2 ± 24.4
Middle 666.4 ± 46.1 600.8 ± 56.1 589.2 ± 22.9 549.8 ± 29.2
Bottom 558.9 ± 29.5 439.1 ± 53.3 554.6 ± 38.3 502.9 ± 41.3
Lsd(0.05) 90.4 58.2 129.8 59.8
Cascade 2 Treatment +F 546.7 ± 58.1 560.6 ± 105.8 511.9 ± 184.4 506.4 ± 70.3
−F 588.6 ± 112.9 649.1 ± 85.5 661.2 ± 159.9 592.4 ± 101.2
Lsd(0.05) 49.8 84.3 77.4 23.1
Position Top 512.8 ± 58.3 558.3 ± 49.6 434.8 ± 19.3 418.2 ± 19.9
Middle 636.9 ± 70.8 688.8 ± 55.6 631.0 ± 37.3 568.5 ± 17.9
Bottom 590.4 ± 19.5 585.0 ± 58.1 670.1 ± 41.2 532.5 ± 24.4
Lsd(0.05) 128.2 76.8 116.4 56.2
−F and +F stand for non-fertilized and fertilized part, respectively.
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4.1. Seasonal variation in CH4 emissions
Contrasting seasonal patterns of CH4 emission were observed during
spring and summer rice growing seasons (Figs. 2a, b and3a, b). The lower
CH4 emissions during the early growing period of spring rice were prob-
ably mainly due to low soil temperatures for methanogenic activities to
produce CH4 during this period as also suggested by the strong correla-
tion between CH4 emission rate and temperature (Table 4). Additionally,
there might have been a lower availability of easily degradable organic
matter as source formethanogens as leftover crop residues from the pre-
vious summer crop of 2010 were already dried and some were partly
decomposed or eaten by grazing buffalos and goats during winter fallow
period (November 2010 to January 2011). Other studies also reported
that the CH4 peak appeared only in late growth stages of rice and consid-
ered it as a consequence of lower degradable soil organic matter content
and lack of methanogens (Ahmad et al., 2009; Das and Baruah, 2008).
However, Li et al. (2011) observed that CH4 ﬂux rate peaked about
1–2 weeks after transplanting of spring rice in double-cropping paddy
rice systems in southeast China. This was caused by the fermentation of
easily degradable soil organic matter and the ﬂood condition for
methanogenesis in the soil after transplanting while other inﬂuencing
factors are consistent throughout the growing seasons (Li et al., 2011).Table 3
Average rate and cumulative CH4 ﬂuxes at different ﬁeld positions of cascades 1 and 2 in s
Spring crop
Rate
(mg m−2 h−1)
Cumul
(g m−
Cascade 1 Treatment −F 1.9 ± 0.9 6.2 ±
+F 1.8 ± 1.0 5.9 ±
Lsd(0.05) 0.5 1.6
Position Top 1.0 ± 0.4 3.1 ±
Middle 2.2 ± 0.5 7.1 ±
Bottom 2.5 ± 0.5 8.0 ±
Average 1.9 6.1
Lsd(0.05) 0.6 1.9
Cascade 2 Treatment −F 5.3 ± 3.0 16.8 ±
+F 1.7 ± 1.2 5.4 ±
Lsd(0.05) 1.1 3.5
Position Top 1.7 ± 1.2 4.8 ±
Middle 3.6 ± 0.8 9.8 ±
Bottom 5.1 ± 1.4 13.7 ±
Average 3.5 9.4
Lsd(0.05) 2.1 5.6
−F and +F stand for non-fertilized and fertilized part, respectively.In our experiment the CH4 ﬂux peak occurred in the middle and
later growing periods of spring rice in all toposequence positions in
both cascades (Figs. 2a and 3a). This can be attributed to i) higher
soil temperature and hence higher soil organic matter turnover due
to increased microbial activities, ii) decomposition of recent decaying
plant residues from shed leaves and root turnover, and iii) the higher
availability of root exudates in the rhizosphere. Similarly, Gogoi et al.
(2008) reported that the CH4 emission peak at 91 DAT (reproductive
stage) was due to the additional organic matter from root exudates
and root litter, which increased the carbon pool of the soil.
In contrast to the spring crop, the CH4 ﬂux peaked soon after
transplanting in summer rice in both rice cascades (Figs. 1b and 2b), con-
sistent with the previous studies by Li et al. (2011) and Yang et al. (2010)
under double-cropping paddy rice systems in China. Higher temperature
and increased availability of substrates favoredmethanogenic activities to
decompose organic matter during the early summer cropping period.
High temperatures could enhance the decomposition rate of organicmat-
ter (Khalil et al., 2008), CH4 transportation (Xu et al., 2002) and reduce the
amount of CH4 dissolved in the soil solution (Minami and Neue, 1994).
Seasonal average rate of CH4 ﬂux during the summer rice season
almost doubled than during the spring rice season (Table 3). Other re-
ports (Huang et al., 2005; Khalil et al., 2008) showed similar emission
pattern that CH4 emissions increased during late rice season than
early rice season in double-cropping paddy rice system. There mightpring and summer rice (mean ± S.D.).
Summer crop Total emission per year
(g m−2)
ative
2)
Rate
(mg m−2 h−1)
Cumulative
(g m−2)
2.1 4.0 ± 2.9 9.4 ± 6.1 15.6
3.1 2.3 ± 2.3 5.5 ± 3.3 11.4
1.2 2.7 3.6
1.3 1.8 ± 2.5 4.3 ± 0.8 7.4
1.7 2.6 ± 0.9 6.0 ± 3.0 13.1
1.4 6.8 ± 0.3 15.8 ± 5.9 23.8
3.7 8.7 14.8
2.1 5.8 4.4
6.6 9.5 ± 1.4 22.0 ± 3.2 38.8
3.1 5.9 ± 3.2 13.7 ± 7.4 19.1
1.7 3.8 5.5
1.8 5.6 ± 2.3 13.0 ± 1.3 17.8
2.8 7.4 ± 2.7 17.2 ± 1.9 27.0
4.3 10.1 ± 1.8 23.5 ± 1.3 37.2
7.7 17.9 27.3
3.3 7.8 6.8
Table 4
Spearman rank order correlation between CH4 emission rate and soil Eh, soil pH, soil
temperature, total N, total C, straw, and grain yield in spring and summer rice.
Soil Eh Surface
water
pH
Soil T TN TC Straw
yield
Grain
yield
Cascade
1
Spring −0.60⁎⁎ 0.30 ns 0.76⁎⁎ 0.58⁎⁎ 0.66⁎⁎ 0.20ns 0.32ns
Summer −0.35 ns 0.72⁎⁎ 0.86⁎⁎ 0.47⁎ 0.59⁎⁎ 0.61ns 0.75⁎
Cascade
2
Spring −0.72⁎ 0.55⁎ 0.66⁎⁎ 0.18ns 0.48⁎ 0.45ns 0.25ns
Summer −0.89⁎⁎ 0.61⁎⁎ 0.73⁎⁎ 0.43ns 0.53⁎ 0.73⁎ 0.37ns
⁎⁎, ⁎ and ns stand for signiﬁcant at 1%, 5% and nonsigniﬁcant, respectively.
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residues from spring rice into the soil just after harvesting of spring
rice, providing a large addition of organic materials under hot weath-
er condition and second, the higher air and soil temperature during
the summer season were favorable for quick decomposition inducing
increasing methanogenic activity.
The cumulative CH4 emission from paddy ﬁelds of the summer
rice was much higher than that of the spring rice which was the
same trend as reported by Yang et al. (2010). Other studies also
reported that CH4 ﬂux from late rice ﬁelds was higher than that
from early rice ﬁelds (Wassmann et al., 1993, 1996; Lin et al., 2000;
Cai et al., 2000). Cai et al. (2000) also showed that CH4 ﬂux from a
late rice ﬁeld, preceded by early rice ﬁeld, was signiﬁcantly higher
than that preceded by an upland crop. They discussed that the
water status prior to the rice growing season is very important for
CH4 emission during the rice growing season. The soil that was
ﬂooded prior to late rice growing period was already reduced when
rice was transplanted and thus Eh was low and favored methanogenic
activities (Trolldenier, 1995) which lead to high CH4 emission. The
range of cumulative seasonal CH4 emission in this study (7.4 g m−2
to 37.2 g m−2) was comparably lower than the reported cumulative
CH4 emissions from double-cropping paddy rice ranging from
65.9 g m−2 (from no-fertilizer as a control) to 121 g m−2 (from com-
bined mineral and organic fertilizers such as Chinese milk vetch and
rice straw at full rate) (Yang et al., 2010). The rather high emission
reported by Yang et al. (2010) was derived due to poor ﬁeld drainage
conditions and extended ﬂooded periods, while in our study the ﬁelds
were located in different toposequence positions with good ﬁeld
drainage conditions and sometimes had water shortage due to low
rainfall and wide range of soil properties among the ﬁeld positions.
4.2. Inﬂuence of toposequence positions and soil environmental factors
on CH4 emission
Methane emissions were strongly inﬂuenced by ﬁeld position with-
in the cascade in this experiment (Figs. 2a, b and 3a, b). The rate of CH4
emission might be related to transportation and deposition of organic
rich sediment materials among the toposequence positions. Schmitter
et al. (2010) reported that the increase of SOCwas related to an increase
of clay and silt fractions which points to transportation of organic rich
sediment material by the irrigation channel. The observed high rates
of CH4 emission from middle and particularly bottom ﬁelds (Table 3)
were associated with their higher TN, TC and clay contents compared
to the top ﬁelds. The results of the Spearman correlation analysis con-
ﬁrmed that TN and TC were positively correlated with CH4 emission
in both cropping seasons (Table 2). This result is in agreement with
Mitra et al. (2002), who reported that higher TN and TC stimulated
CH4 production. Yagi et al. (1990), on the contrary, found no correlation
between CH4 production rates and total C contents in soils. Another rea-
son for the difference in CH4 emission among cascade positions might
be the higher clay content of lower lying ﬁelds. A more rapid decrease
in Eh after ﬂooding and permanency thereafter due to high C content
in clay of lower lying soils appear to explain the greater CH4 production
potential (Figs. 2 and 3). Xiong et al. (2007) reported that clay soilproduced much more CH4 than loess soil during the ﬂooding period.
In this experiment, clay soil with high C content and N content attained
negative Eh values within 2 weeks after submergence becoming more
negative thereafter. Fieldswith less clay and C content took longer to at-
tain similar Eh values. Another explanation by Xiong et al. (2007) is that
the extremely low CH4 emission rate in loess soils was the cause for an-
aerobic oxidation of CH4 coupled to denitriﬁcation.
The observed high CH4 emission from the bottom ﬁeld was consis-
tent with the previous study by Cai et al. (2000). They observed that
CH4 emissions from rice ﬁelds located on downslope were larger than
from those on midslope and upslope in hilly areas, because depres-
sive topography leads to invasion by side leaching water, and the
rice ﬁeld at the downslope was waterlogged and had poor drainage
condition, leading to more reduced condition than the upslope ﬁelds.
In our study, the bottom ﬁelds of both cascades showed relatively low
Eh than the top ﬁeld positions due to poor drain and water saturated
or even ﬂooded most of the time due to invasion by side leaching
water and this was the reason that high CH4 emission was observed
in the bottom ﬁelds.
The rate and cumulative CH4 emissions from cascade 2 were higher
than that of cascade 1. Under similar trends of TC content between the
cascades, the differences in CH4 emission might be due to lower soil Eh
and higher clay content of cascade 2 especially in the lower lying ﬁelds.
In this study, seasonal variation pattern of CH4 emission was
inﬂuenced by soil environmental factors such as surface water pH, Eh
and soil temperature (Figs. 1b–d and 2b–d). Positive correlations were
observed between soil temperature, surface water pH and CH4 emission
rate in both rice crop seasons (Table 4). This result supported theﬁndings
by Yang et al. (2010) that soil temperature and pH had a positive correla-
tion with CH4 emission. Higher soil temperature of lower lying ﬁelds fa-
vored higher CH4 emission compared to top ﬁelds. The soil redox
potential declined after ﬂooding and ﬂuctuated between −100 and −
400 mV except ﬁnal growing periods of spring and summer rice (Figs.
2e, f and 3e, f). Methane emission increased with the decrease of Eh
from−194 to−381. The critical values of soil redox potential for initia-
tion of CH4 production in paddy soil is reported to be from−100 to−
200 mV (Yagi and Minami, 1990). Therefore, the Eh range in this study
was considerablemore negative than the critical value and the soil condi-
tions were favorable for CH4 production. Negative correlations between
CH4 emissions and soil Eh in this study corresponded to the result of Xu
and Hosen (2010) and Yang et al. (2010). Although the Eh conditions in
relation to ﬁeld positions were favorable for CH4 production, there were
variations in CH4 emissions among the ﬁeld positions.
4.3. Inﬂuence of management practices on CH4 emission
Nitrogen fertilizers are commonly used in rice cultivation to increase
crop yields. Numerous previous studies have demonstrated that the ap-
plication of N may directly or indirectly inﬂuence CH4 production, oxi-
dation, and transport from the soil to the atmosphere (Banger et al.,
2012; Cai et al., 2007; Dong et al., 2011). The negative effect of
ammonium-based fertilizer is mainly attributed to the stimulation on
CH4 oxidation via enhancing the growth/activity of methanotrophs
(Bodelier et al., 2000a, 2000b; Schimel, 2000), while the positive effect
of Nmainly results from the stimulation of CH4 production and vascular
transport capacity via enhancing methanogenic growth/activity and
rice growth (Schimel, 2000; Xu et al., 2004). In this study, the results
showed that application of ammonium-based N fertilizer (urea) and
K2SO4 as a potassium source inhibited the rate of CH4 emission from
rice ﬁelds when compared with non-fertilized treatment (Table 3). A
similar result was reported by Xie et al. (2010) i.e. that the application
of urea and compound fertilizer as N source inhibited CH4 emission
from rice ﬁelds by about 30%. Many studies reported that the use of sul-
fate containing fertilizers reduced CH4 emission from rice ﬁelds (Gon et
al., 2001; Minami, 1994; Schütz et al., 1989). Sulfate-containing fertil-
izers are known to decrease CH4 emission as a result of competition
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acetate substrates (Hori et al., 1990, 1993; Schütz et al., 1989). Hence,
in our case, a reasonable explanation for observed results might be
that the application of ammonium-based (urea in this study) and sul-
fate containing fertilizers resulted in a larger stimulation of CH4 oxida-
tion than CH4 production (Bodelier et al., 2000a, 2000b; Gon et al.,
2001). The product of sulfate reduction, hydrogen sulﬁde may poison
methanogenic bacteria (Minami, 1994) and sulfate ions serve as an al-
ternative to CO2 as electron acceptors for the oxidation of organic mat-
ter and thereby reducing CH4 production (Banger et al., 2012). In this
experiment, reduction of CH4 emission in all ﬁeld positions were ob-
served by mineral fertilization but the fertilizer management did not
mitigate spatial variation pattern of CH4 emissions among the ﬁeld
positions.
5. Conclusion
High spatio-temporal variation in CH4 emissions among cascade po-
sitions was found in both rice cascades. Bottom ﬁelds showed the
highest rate and cumulative CH4 emissions in both rice cascades. The
spatial variability in CH4 emissions among the toposequence positions
in this experimentwas related to the different sediment deposition pat-
terns across the cascade, which inﬂuenced physical and chemical prop-
erties of soil along the toposequence rice ﬁelds. The CH4 ﬂux of summer
ricewas higher than spring rice in all toposequence positions suggesting
that fresh crop residue should not be incorporated into the soil during
land preparation before transplanting of summer rice. Across various
cascade positions, the application of mineral fertilizers mitigated CH4
emission from paddy rice as compared to non-fertilized parts in this
study. Recommended type of fertilizer management practice such as
ammonium based fertilizers is an effective way to reduce CH4 emission
from toposequence rice ﬁelds but different management practices
should be done for different toposequence positions to mitigate CH4
emission in this watershed area.
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